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ABSTRACT 
Reconfigurable mechanisms are capable of changing their 
behavior during operation and perform different tasks through 
changes of their configuration. A compliant, multistable, 
reconfigurable mechanism is introduced which consists of 
nonlinear morphing elements assembled in a truss-like 
configuration. These constituent elements are made of composite 
strips assembled to form a double-helix and exhibit tailorable 
nonlinear stiffness characteristics, including bistability. The 
mechanism’s behavior can be tailored by tuning the inherent 
properties of the helical components, leading to a wide range of 
responses. This work explores the reconfigurability of the 
mechanism, based on the ability to change the helical pitch and 
the resulting stiffness. 
INTRODUCTION 
Over the past decades, the interest of researchers in 
reconfigurable mechanism has increased [1]. The capability of a 
mechanism to change its configuration, and to operate with 
different modes that can be exploited to serve multiple purposes, 
is what triggered the scientific interest in reconfigurable 
mechanisms [2]. Reconfigurability is attractive for numerous 
applications, such as antennas [3,4], deployable structures [5,6], 
robotics [7-9], or even in carton packaging manipulation [2], 
where there is a need for change in structural configuration and 
behavior for adaptation to different operating requirements. 
Various ways to achieve reconfigurability have been 
investigated [1]. Most of the approaches developed focus on 
achieving reconfigurability through changes of the joint motion 
range [10], a mechanism’s mobility or degrees of 
freedom [11,12], alterations in the geometry [13], orientation 
and number of links [14,15] or a combination of the above [16]. 
Controlling the mobility of revolute joints has been a common 
means to attain reconfiguration [6,7,12,13,16,17]. Alternative 
ways are based on the use of functional materials, such as shape 
memory alloys and the principles of origami [18]. 
In this paper, a compliant mechanism is proposed, which is 
able to change its behavior and operate in different modes, whilst 
maintaining its connectivity and mobility. Reconfigurability in 
this mechanism is achieved through the exploitation of the 
inherently nonlinear elastic characteristics of the constitutive 
elements, not the joint characteristics. The mechanism consists 
of morphing composite structures assembled in a truss-like 
configuration. Specifically, we use the composite structure of 
double-helix architecture developed by Lachenal et al. [19]. Its 
variable geometry and customizable nonlinear stiffness 
characteristics enable the mechanism to be tailored, and a variety 
of potential behaviors to be developed. 
In the following sections, we first introduce the mechanism 
and its constituent morphing elements. The ensuing 
reconfigurability and stability characteristics are then explored 
using both an energy approach and a path-following method to 
trace the mechanism’s response in force-displacement space. 
Conclusions are drawn in the last section. 
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Double-Helix Element 
The helical structure, used as the main component of the 
proposed mechanism, consists of two composite (carbon fibre 
reinforced plastic) strips of dimensions  × , connected by 
rigid spokes (Fig. 1). The spokes maintain the strips at a constant 
distance  =  2, where R is the radius of an underlying 
cylinder, upon which the deformed strips can be assumed to 
lie [19,20]. Pre-stress is introduced in the strips by 
manufacturing them on a cylindrical mould of radius  and 
subsequently flattening them to form the double-helix. The 
double-helix is able to twist under the application of an axial 
force at its ends, which results in large axial displacements, Δ. 
The structure can deform from a straight to a completely 
coiled configuration. The configuration is defined by the helix 
angle θ ϵ [−90°, 90°] between the local -axis attached to each 
strip and the global -axis [19,21]. Crucially, in the straight 
configuration (θ = 0°), the structure can be nudged into one of 
two connected, but distinct, deformation modes: one with 
θ ϵ [0°, 90°] or one with θ ϵ [0°, −90°] (Fig. 1c, d). In addition, 
the structure features bistability, meaning that two self-
equilibrated shapes, or in other words equilibria, exist; one per 
deformation mode. 
The helical structure exhibits tailorable stiffness 
characteristics and strain energy profiles that can be customized 
by tuning various design parameters, such as the lay-up, pre-
stress and geometry of the strips [13]. Lachenal et al. [19,21] 
developed an analytical model of the strain energy of the helix 
that can be expressed as: 
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where n is the number of strips constituting the structure and 
where, following Classical Laminate Theory [22], A, B and D 
are the in-plane, bending-extension coupling and bending 
stiffness matrices; ε0 is the vector of mid-plane strains—noting 
that uniform mid-plane deformations are assumed—and ∆κ is 
the vector of changes in bending and twist curvature, with both 
vectors defined in the local coordinate system attached to each 
strip. The axial force necessary to deform the double-helix can 
be derived from the strain energy by application of Castigliano’s 
theorem [19]. 
Figure 2 shows the evolution of the strain energy and the 
axial blocking force of the helix over its entire work space. Both 
quantities are shown as a function of θ and ∆l, and for double-
helices of different laminates of symmetric and antisymmetric 
stacking sequence: respectively, [β2/0/β2] and [β2/0/-β2], where 
β ϵ [0°, 90°] is the fiber angle with respect to the longitudinal 
axis of the strip. For strips where β = 0°, β = 90° or 
antisymmetric ones, the strain energy is periodic and symmetric 
with respect to θ = 0° (Fig. 2a), meaning that, in these cases, 
helices will exhibit identical behaviors in θ ϵ [0°, 90°] and 
θ ϵ [0°, −90°], and therefore, the same force-displacement 
response (single lines in Fig. 2b for these lay-ups). This is in 
contrast to the behavior of symmetric angle-ply lay-ups. For 
instance, the strain energy for the [452/0/452] layup in Fig. 2 
retains the periodicity, but breaks the symmetry around θ = 0°, 
meaning that the force-displacement response will differ in 
θ ϵ [0°, 90°] and θ ϵ [0°, −90°] (two lines in Fig. 2b). Since this 
difference provides the basis for the reconfigurability of the 
 
Figure 1. a) Flattening of the initially curved strips; b) double-helix geometry; Straight (light grey) and twisted (dark) configurations of the 
double-helix composite structure with (c) θ ϵ [0°, −90°] and (d) θ ϵ [0°, 90°]. 
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helix, only symmetric lay-ups of the form [β2/0/β2] are 
considered herein. 
 
Assembly of the Mechanism 
The mechanism studied herein is depicted in Fig. 3. It 
consists of two double-helical elements assembled in a truss 
configuration with pin joints at the apex and base supports. This 
configuration has been chosen as a balance between simplicity, 
generality and the ability to showcase and demonstrate 
reconfigurability. 
The initial configuration of the mechanism has height H0 
and members of length L0,i, with i = 1, 2. The double-helical 
elements have nonlinear axial stiffness ki and form an angle α0,i 
with the horizontal. Upon application of an external load, the 
apex is free to move horizontally and vertically by υh, υv, 
respectively. Note that the initial lengths L0,i (see Fig. 3) 
correspond to the dimension of the double-helices in their 
extended equilibrium position. In the first instance, the double-
helices are set to coil with θ in the range [0°, 90°]. 
In the following, we shall assume for simplicity that the truss 
consists of two identical helices, which can be reconfigured 
individually by changing their twist orientation. 
ANALYSIS 
First, energy landscapes are employed to capture the 
mechanism’s behavior and to identify stable and unstable regions 
over its work space. Stable and unstable equilibria are 
pinpointed, respectively, as minima and maxima of the strain 
energy functional. Next, a path-following method is used to 
investigate the response of the mechanism under a specific load 
case and to obtain potential load paths between stable positions. 
 
Energy Approach 
The stability of the mechanism is identified by inspection of 
its strain energy landscape. For the assembly of Fig. 3, the total 
strain energy is uniquely determined by the position of the end 
effector (the apex), and is the sum of the strain energy of the 
constituent helical members [23], calculated using Eq. (1). 
 
Path-following Method 
A path-following method, specifically the modified-Riks 
method developed by Crisfield [24], is employed for the analysis 
of the assembly in force-displacement space. The system of 
governing equilibrium equations is obtained by balancing the 
forces acting on the mechanisms (both internal and external) and 
deriving k1 and k2 by differentiation of Eq. (1) [19,24]. The 
nonlinear characteristics of the system and our interest in its 
snap-through and snap-back behavior, make path-following 
particularly suited [25,26]. Additionally, the eigenvalues of the 
system’s tangential stiffness matrix are inspected to characterize 
the stability of points in the equilibrium loci—with negative 
eigenvalues indicating instability—but also to detect 
bifurcations, i.e. points of singularity of the tangent stiffness 
matrix. Branches originating thereof are then traced by 
perturbing the equilibria at the bifurcation points using the 
eigenvector corresponding to the null eigenvalue [27,28]. 
RESULTS AND DISCUSSION 
The reconfigurability of the mechanism is explored by 
studying the behavior and stability characteristics of the truss-
like assembly. The influence on the mechanism’s behavior of the 
double-helices’ design parameters, and of the initial geometry of 
the truss itself, is explored. First, we investigate steep trusses by 
analyzing the strain energy landscapes corresponding to all 
possible combinations of the helical deformation modes. We then 
study the trusses’ response upon application of a vertical load at 
the end effector. Next, these results are compared to those for 
trusses with double-helices of different lay-ups, as well as to 
those for shallower trusses. 
 
Reconfigurability 
The stiffness properties of double-helices with symmetric 
lay-ups differ for pitch angles θ in [0°, 90°] or [0°, −90°] (Fig. 2). 
This allows the mechanism to be reconfigured to exhibit 
different responses. The mechanism can be reconfigured by 
forcing it onto a state where one or both helices are fully 
extended and then nudging either one or both to switch twisting 
mode. Three different mechanism modes can be obtained 
 
Figure 2. a) Strain energy profiles as a function of the helix angle θ
and b) corresponding load-displacement curves of double-helices 
with L = 95 mm, R = 15 mm, Ri = 30 mm, W = 5 mm for different 
strip lay-ups. The displacement ∆l is normalized to the length L of 
the strips. 
 
Figure 3. Schematic representation of the assembly of double-
helices in a truss-like configuration. 
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combinatorically from the two helical modes. More specifically, 
the mechanism can be reconfigured into the following modes:  
 
• Mode I: both helices twist with helix angle θ ϵ [0°, 90°]; 
• Mode II: both helices twist with helix angle θ ϵ [0°, −90°]; 
• Mode III: one helix deforms with θ ϵ [0°, 90°], and the 
second with θ ϵ [0°, −90°]. 
 
Figure 4 depicts the strain energy landscapes for the three 
potential reconfiguration modes for mechanisms consisting of 
double-helices of a [452/0/452] lay-up, arranged in a steep 
configuration with α0,1 = 70°. Stable and unstable equilibria, i.e. 
minima and maxima of the energy landscape, are marked, 
respectively, with Arabic numerals and letters. Additionally, 
stable equilibria may be found on the boundary of the landscape. 
These points are marked with Roman numerals. For Mode I 
(Fig. 4a), the mechanism displays quadristability; specifically, 
four interior minima. Conversely, Mode II (Fig. 4b) features only 
one interior minimum, plus four boundary equilibria. Mode III 
features ten extrema, of which two are minima, and three 
additional stable boundary equilibria. 
The force-displacement response of the mechanism upon 
application of a vertical load at the end effector is presented in 
Fig. 5. The corresponding solution manifolds are superimposed 
on the strain energy plots in Fig. 4. For Mode I, a bifurcation is 
present, resulting in sideways apex displacements. Two of the 
 
Figure 4. Strain energy landscapes for a compliant mechanism of double-helices of a [452/0/452] composite strip lay-up, L = 95 mm, R = 15 mm, 
Ri = 30 mm, W = 5 mm assembled in a truss-like configuration with an initial angle α0,1 = 70° for different reconfiguration modes. a) Mode I:
θi ϵ [0°, 90°]; b) Mode II: θi ϵ [0°, −90°]; c) Mode III: θ1 ϵ [0°, 90°], θ2 ϵ [0°, −90°]. Points labelled 1–4 denote stable equilibria, while points A–
H identify positions of unstable equilibrium. Points I-IV denote stable boundary equilibria. Red points indicate the equilibrium paths of the 
apex under the application of a vertical load (Ph = 0). 
 
Figure 5. Load-displacement curves of the truss with an initial angles α0,1 = 70° for different reconfiguration modes consisting of double helices 
of [452/0/452] layup, L = 95 mm, R = 15 mm, Ri = 30 mm, W = 5 mm under the application of a vertical load at the apex. Points 1–4 are stable 
equilibrium points. Point A–H are unstable equilibrium points. Dashed line represents the areas of instability. The load is normalized with 
respect to the load value at the maximum peak (Pcrit) in each case. 
 5 Copyright © 2018 by ASME 
four stable states are located on the main (vertical) path, i.e. the 
initial configuration and the fully inverted state at a vertical 
displacement of 2H0 (points 1 and 2, in Fig. 5a). The other two 
equilibria are on the bifurcated branch on the horizontal, i.e. at a 
vertical displacement of H0 (points 3 and 4 in Fig. 5a). A 
bifurcation is present in Mode II as well, though the only stable 
interior configuration occurs when the double-helices are 
collinear with zero horizontal displacement of the apex (point 1 
in Fig. 5b). Along the bifurcated path two areas of nearly zero 
force can be observed for the motion range between points C, D, 
E and F, G, H (Fig. 5b). In Mode III, no bifurcation occurs, 
however, the end effector experiences both horizontal and 
vertical displacement. Two independent closed loop equilibrium 
paths are identified with one stable equilibrium each. The stable 
states are encountered when the double-helices are collinear 
(points 1 and 2 in Fig. 5c). 
 
Effect of Composite Lay-up 
The composite lay-up affects the properties of the double-
helices, namely their nonlinear axial stiffness, and thus the 
characteristics of the assembly. In this section, we investigate the 
effect of lay-up on the various reconfiguration modes. 
Mode I. Figure 6 shows the energy landscapes for a truss 
identical to that of Fig. 4a, with the strips’ lay-up changed to 
[302/0/302] and [602/0/602]. The landscapes show no qualitative 
differences, apart from overall rescaling, and changes in the 
absolute values and relative positions of the extrema. In 
conclusion, all characteristic features, including quadristability, 
 
Figure 6. Strain energy landscapes for a compliant mechanism of double-helices of L = 95 mm, R = 15 mm, Ri = 30 mm, W = 5 mm assembled 
in a truss-like configuration with an initial angle α0,1 = 70° for composite strips of [β2/0/β2] lay-up for the reconfiguration Mode I. a) [302/0/302]; 
b) [602/0/602]. Points labelled 1–4 denote stable equilibria, while points A–G identify positions of unstable equilibrium. Red points indicate the 
equilibrium paths of the apex under the application of a vertical load (Ph = 0). 
 
Figure 7. Load-displacement curves of the truss with an initial angles α0,1 = 70° for different lay-ups for the reconfiguration Mode I, under the 
application of a vertical load at the apex. a) [302/0/302]; b) [602/0/602]. Points 1–4 are stable equilibrium points. Point A–G are unstable 
equilibrium points. Dashed line represents the areas of instability. The load is normalized with respect to the load value at the maximum peak 
(Pcrit) in each case. 
 6 Copyright © 2018 by ASME 
bifurcations and the connectivity between stable equilibria, are 
preserved. Figure 7 shows the load-displacement curves 
corresponding to the two laminate lay-ups. 
Mode II. Figure 8 shows the energy landscapes for a truss 
identical to that of Fig. 4b, with the strips’ lay-up changed to 
[302/0/302] and [602/0/602], where the helices are now set for 
Mode II. For a [302/0/302] lay-up the truss develops two interior 
stable equilibria (marked as points 1 and 2 in Fig. 8a), positioned 
slightly above and below the center of the landscape where the 
single minimum for the [452/0/452] configuration is located. 
Again, apart from overall rescaling of the energy values and 
changes of the relative distance between extrema, all other 
features are maintained, leading to a total of eleven interior 
equilibrium configurations. Although shallower, the boundary 
equilibria too are maintained. As for the [452/0/452] case, for 
β = 60° the mechanism exhibits a single stable equilibrium 
configuration, when the double-helices are collinear and the apex 
horizontal displacement is zero (point 1 in Fig. 8b), as well as 
four boundary equilibria. The mechanism’s force-displacement 
response upon application of a vertical load at the end effector is 
presented in Fig. 9, with the corresponding apex position 
superimposed once more on the strain energy plots (Fig. 8). The 
bifurcations are preserved for both the [302/0/302] and the 
[602/0/602] lay-ups; still none of the equilibrium positions on the 
bifurcated branch is stable. For β = 30°, areas of nearly zero 
force are present, both in the principal and bifurcated branch, for 
motion along the positions D, E and F, or 1, B and 2, or G, H and 
K (Fig. 9a). For β = 60°, the number of unstable equilibrium 
points along the bifurcated path reduced from six for the 
[452/0/452] and [302/0/302] lay-ups to two. 
 
Figure 8. Strain energy landscapes for a compliant mechanism of double-helices of L = 95 mm, R = 15 mm, Ri = 30 mm, W = 5 mm assembled 
in a truss-like configuration with an initial angle α0,1 = 70° for composite strips of [β2/0/β2] lay-up for reconfiguration Mode II. a) [302/0/302]; 
b) [602/0/602]. Points labelled 1 and 2 denote stable equilibria, while points A–H and K identify positions of unstable equilibrium. Points I-IV 
denote stable boundary equilibria. Red points indicate the equilibrium paths of the apex under the application of a vertical load (Ph = 0). 
 
Figure 9. Load-displacement curves of the truss with an initial angles α0,1 = 70° for different lay-ups for the reconfiguration Mode II, under 
the application of a vertical load at the apex. a) [302/0/302]; b) [602/0/602]. Points 1 and 2 are stable equilibrium points. Point A–H and K are 
unstable equilibrium points. Dashed line represents the areas of instability. The load is normalized with respect to the load value at the 
maximum peak (Pcrit) in each case. 
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Mode III. The strain energy landscapes for Mode III are 
presented in Fig. 10. For β = 30°, a total of twelve interior 
equilibrium positions are identified, of which three are stable 
(marked as points 1–3 in Fig. 10a). The mechanism is bistable 
for a [602/0/602] lay-up, with the two stable states when the two 
double-helices are collinear (points 1 and 2 in Fig. 10b). 
Figure 11 presents the load-displacement curves under a vertical 
load at the apex. The corresponding positions of the apex are 
superimposed on the strain energy plots in Fig. 10. Similarly to 
the [452/0/452] lay-up, for both ply angles, two independent 
closed loop equilibrium paths are found, with the apex 
experiencing both horizontal and vertical displacement, and with 
stable equilibrium positions present in both paths (points 1–3 in 
Fig. 11). Though only for β = 30°, a nearly zero force area can 
be observed in the outer equilibrium path (motion range among 
points 1, E and 2 in Fig. 11a). 
 
Effect of Initial Truss Angle 
Finally, the effect of the initial truss geometry on the 
mechanism’s behavior and its reconfigurability is explored. 
Figure 12 presents the strain energy landscapes for a shallow 
truss configuration with α0,1 = 35° and a [452/0/452] strip lay-up 
for the three reconfiguration modes. 
For a shallow truss with double-helices operating in Mode 
I, a total of five equilibrium positions are identified with only 
two being stable (marked as points 1 and 2 in Fig. 12a), 
compared to the four stable configurations out of a total of eleven 
equilibria in a steep truss (marked as points 1–4 in Fig. 4a). Mode 
II for a shallow truss shows three interior equilibrium positions, 
 
Figure 10. Strain energy landscapes for a compliant mechanism of double-helices of L = 95 mm, R = 15 mm, Ri = 30 mm, W = 5 mm assembled 
in a truss-like configuration with an initial angle α0,1 = 70° for composite strips of [β2/0/β2] lay-up for reconfiguration Mode III. a) [302/0/302]; 
b) [602/0/602]. Points labelled 1–3 denote stable equilibria, while points A–H and K identify positions of unstable equilibrium. Points I-III 
denote stable boundary equilibria. Red points indicate the equilibrium paths of the apex under the application of a vertical load (Ph = 0). 
 
Figure 11. Load-displacement curves of the truss with an initial angles α0,1 = 70° for different lay-ups for the reconfiguration Mode III under 
the application of a vertical load at the apex. a) [302/0/302]; b) [602/0/602]. Points 1–3 are stable equilibrium points. Point A–H and K are 
unstable equilibrium points. Dashed line represents the areas of instability. The load is normalized with respect to the load value at the 
maximum peak (Pcrit) in each case. 
 8 Copyright © 2018 by ASME 
none of which are stable (Fig. 12b), and four stable boundary 
equilibria (points I-IV). This contrasts with the steep truss, which 
has a single stable interior equilibrium position. Mode III shows 
four interior equilibria, of which one is stable (point 1 in 
Fig. 12c). 
The load-displacement curves for the shallow truss under a 
vertical load at the end effector are presented in Fig. 13. The apex 
positions are superimposed on the strain energy plots in Fig. 12. 
For reconfiguration Mode I, for both the shallow and steep truss, 
a bifurcation of the equilibrium path occurs. However, the 
shallow truss only displays bistability, with stable states at the 
initial configuration and at a vertical displacement of 2H0 (points 
1 and 2, in Fig. 13a). For Mode II, the mechanism is unstable for 
a shallow truss. A statically balanced area with nearly zero force 
can be observed between points A, B and C (Fig. 13b). In this 
mode, no bifurcation occurs in the shallow truss, unlike in the 
steep truss, with the apex experiencing only a vertical 
displacement under the applied load. Mode III shows a closed 
loop load-displacement curve (Fig. 13c). The compliant 
mechanism displays monostability with the single stable point 
encountered in one of the configurations where the helices are 
collinear (point 1 in Fig. 12c). The mechanism experiences a 
single closed loop equilibrium path, as opposed to the behavior 
for a steep truss, where a second, disconnected equilibrium path 
is observed. 
  
 
Figure 12. Strain energy landscapes for a compliant mechanism of double-helices of a [452/0/452] composite strip lay-up, L = 95 mm, 
R = 15 mm, Ri = 30 mm, W = 5 mm assembled in a truss-like configuration with an initial angle α0,1 = 35° for different reconfiguration modes. 
a) Mode I: θi ϵ [0°, 90°]; b) Mode II: θi ϵ [0°, −90°]; c) Mode III: θ1 ϵ [0°, 90°], θ2 ϵ [0°, −90°]. Points labelled 1 and 2 denote stable equilibria, 
while points A–C identify positions of unstable equilibrium. Points I-IV denote stable boundary equilibria. Red points indicate the equilibrium 
paths of the apex under the application of a vertical load (Ph = 0). 
 
Figure 13. Load-displacement curves of the truss with an initial angles α0,1 = 35° for different reconfiguration modes consisting of double 
helices of [452/0/452] layup, the application of a vertical load at the apex. a) Mode I; b) Mode II; c) Mode III. Points 1 and 2 are stable 
equilibrium points. Point A–C are unstable equilibrium points. Dashed line represents the areas of instability. The load is normalized with 
respect to the load value at the maximum peak (Pcrit) in each case. 
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CONCLUSIONS 
A reconfigurable, multistable mechanism consisting of 
morphing elements of a double-helix architecture arranged in a 
truss-like configuration has been introduced. The 
reconfigurability of the mechanism is based on the inherent 
ability of the double-helical elements to switch their twist 
direction when in the fully extended state. As a result, a 
mechanism with two identical double-helix elements can achieve 
three different reconfiguration modes (Mode I, Mode II and 
Mode III). The mechanism’s multistability characteristics and its 
response in the force-displacement space are explored for the 
different reconfiguration modes. 
Strain energy landscapes are used to identify stable and 
unstable equilibria, corresponding to valleys and peaks, 
respectively. A path-following method has been employed to 
trace equilibrium paths in force-displacement space for an 
applied vertical load at the apex. 
It was shown that the reconfiguration modes significantly 
change the mechanical behavior of the mechanism studied. For 
a steep truss (α0,1 = 70°) with a symmetric composite lay-up 
[β2/0/β2], the mechanism is quadristable in Mode I, and the 
equilibrium path bifurcates to access all equilibria. For Mode II, 
the response depends on the fiber angle, with β = 30° showing 
bistability, and monostability for β = 45° and β = 60°. Again, 
bifurcations of the equilibrium path enable all internal equilibria 
to be traversed under an applied vertical load. In Mode III, 
however, two disconnected equilibrium paths are identified, and 
the structure is bistable for β = 45° and β = 60°, but tristable for 
β = 30°. The energy landscapes were found to be an effective 
means to convey the qualitative changes in mechanical behavior 
between the reconfiguration modes. 
Future work will concentrate on the manufacturability of a 
prototype of this reconfigurable mechanism. 
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